I. INTRODUCTION
UCLEAR technologies are widely used for energy generation, in research and industry. Safe control of nuclear systems is vital. One of the lessons learned from the Fukushima accident is the need for ubiquitous sensing capability in key facilities of the plant. It was found that the spent fuel pools of this plant were under-instrumented. Expert teams involved in the accident analysis recommended that inexpensive and easily implementable sensors with wireless control and data transmission are required to enable extensive measurements.
To address the need for remote radiation sensing and monitoring, the system based on the unmanned aerial vehicles (UAV) was designed. Technical approach to monitoring is to employ a swarm of low-cost, small-scale UAVs equipped with navigational and sensing capabilities to perform the radiation surveillance in potentially radioactive locations, which allows the measurements to be dynamically tracked and mapped. Hence, the monitoring data could be used for further analysis and prognostics in temporal and space domains. Moreover, based on the cooperative sensing algorithms, the swarm of UAVs can be programmed to search for unattended radiation sources.
II. AERIAL SYSTEM AND DETECTOR DESIGN
The quadcopter kits from Skyworks Aerial Systems [1] were used. This UAV platform (see Fig. 1 ) is small and versatile (less than 20 inches wide), it can maneuver into tight areas, indoor and/or hazardous environment. A low-power, 3 ; refractive index: 1.81; lightemission spectral range: 275 nm to 450 nm (the peak is at 370 nm); scintillation light yield: 20,000 photons/MeV for gamma rays and 70,000 photons/neutron for thermal neutrons. The detector exhibited suitable scintillation properties and proportionality allowing ambient-temperature photon spectrometry. Energy resolution achieved with gamma-ray sources was 5% at 662 keV, 3.6% at 1173 keV, and 3.3% at 1332 keV. The CLYC was used to detect neutrons via 6 Li(n, ) 3 He reaction. Besides, detector enabled neutron measurements [4] [5] [6] due to pulse shape discrimination (PSD) properties: a fast core-to-valence (CVL) and a prompt Ce 3+ -decay followed a gamma-ray action with the 1-ns and 50-ns decay constants, respectively; a neutron excitation had a slow cerium self-trapped excitation (Ce-STE) component only with the 1,000-ns decay constant. Fig. 2 shows the digitized detector waveforms of the neutron and photon signals. 
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In the list mode, each signal's record contained three values: a partial integral calculated during the preset partial integration time, a total integral (or energy, evaluated during the preset integration time) and a time stamp captured when signal amplitude exceeded a threshold. The 'on the fly' digital PSD enabled distinguishing waveforms generated by photon and neutron interactions with the scintillator. Fig. 3 shows experimental results of the neutron-photon PSD using the data measured using a 2-Ci Pu-Be source. The PSD value was calculated as the difference of the total integral and the partial integral divided by the partial integral (representing the ratio of the tale of the waveform to its front part). Experiments showed exceptional neutron-photon segregation properties of CLYC: the PSD figure of merit (see Fig. 4 ) calculated as the ratio T/(W 1 +W 2 ) [7] is above the value of 2.3. The detector allowed a compact design; it was integrated into the UAV via its communication and power interface (5-V and 3.3-V lines; and the SPI, I 2 C, UART buses). The onboard flight management unit (ARM Cortex M4F) enabled sending the data to a ground station or other UAVs via the 900-MHz telemetry radio. The data included GPS coordinates of the point of measurement.
III. RADIATION SOURCE LOCALIZATION
Maximum likelihood estimation (MLE) technique was utilized to locate the position of a radiation source based signal intensities measured in three or more locations by a single UAV, or simultaneously and cooperatively by multiple quadcopters.
Assuming that detectors had a nearly isotropic signal acceptance and the 1/R 2 signal strength dependence (where R is the distance from the source to the detector), the probabilities that there is a source with unknown intensity were calculated for each point in the scan-space under condition that i-th detector observed N i counts. The point with the maximum probability indicated position of the center-ofthe-mass of the radiation source. Using the information about the position of the source and observed counts, its intensity can be evaluated.
Statistical theory allows us to construct the probability density function, which depends on the possible intensity and coordinates of the source (x s , y s ): 
The computational study showed that the accuracy of localization increased with the number of UAVs in a swarm, or with the number of measurements by a single UAV in multiple locations, as illustrated in Fig. 5 (a, b, c) . These probability density maps were computed for a 60 Co source placed at a point with coordinates (50, 50), marked with a star, using two, three, and five detector locations where measurements were taken (shown on the plots as white circles).
Areas where the radiation source with particular spectral signatures can be found with the maximum probability density are shown in red color. The three-and four-detector locations in Fig. 5b and Fig. 5c make it possible to better determine the probability of the source location comparing to two-point measurements in Fig.5a . In the case of multiple sources with different radiation signatures, the MLE algorithm can treat them as separate single sources. Fig. 6 illustrates how the predicted position of the source and the localization error depend on the number of independent measurements. Such onboard radiation measurement capability allows the real-time monitoring of dose during the UAV's operations, and enables the feedback-control functions. Reliability analysis and predictions for system components can be performed based on the doses [8] . Plans for preventive maintenance and withdrawal in the timely manner from the hazardous environment can be developed based on the robot's radiation hardness to minimize the equipment failure rates when approaching the exposure limits [9] . A modular design of the UAV allows replacement of the radiation-sensitive parts, thus facilitating its 'life-extending' and reducing its cost.
IV. CONCLUSION
The small-scale UAV for remote sensing and monitoring of neutron and gamma radiation was designed. The compact radiation detector using a CLYC scintillator was developed and tested in the mixed neutron-photon radiation fields. The MLE method enabled the radiation source localization.
The ongoing work includes a tradeoff design analysis between the UAV's lifetime and its cost, and study of the radiation sensitivity and failure mechanism while working in harsh radiation environments. The mobile nature of the UAV allows radiation measurements to be performed at desired locations to reduce dose risks to operators and the infrastructure. 
